Aims/hypothesis. Overwhelming evidence indicates that endothelial cell dysfunction in diabetes is characterised by diminished endothelium-dependent relaxation, but the matter of the underlying molecular mechanism remains unclear. As nitric oxide (NO) production from the endothelium is the major player in endothelium-mediated vascular relaxation, we investigated the effects of high glucose on NO production, and the possible alterations of signalling pathways implicated in this scenario. Methods. NO production and intracellular Ca 2+ levels ([Ca 2+ ] i ) were assessed using the fluorescent probes 4,5-diaminofluorescein diacetate and fura-2 respectively. Results. Exposure of cultured bovine aortic endothelial cells to high glucose for 5 or 10 days significantly reduced NO production induced by bradykinin (but not by Ca 2+ ionophore) in a time-and dose-dependent manner. This was probably due to an attenuation in bradykinin-induced elevations of [Ca 2+ ] i under these conditions, since a close correlation between [Ca 2+ ] i increases and NO generation was observed in intact bovine aortic endothelial cells. Both bradykinin-promoted intracellular Ca 2+ mobilisation and extracellular Ca 2+ entry were affected. Moreover, bradykinin-induced formation of Ins(1,4,5)P 3 , a phospholipase C product leading to increases in [Ca 2+ ] i , was also inhibited following high glucose culture. This abnormality was not attributable to a decrease in inositol phospholipids, but possibly to a reduction in the number of bradykinin receptors. The alterations in NO production, the increases in [Ca 2+ ] i , and the bradykinin receptor number due to high glucose could be largely reversed by protein kinase C inhibitors and D-α-tocopherol (antioxidant). Conclusions/interpretation. Chronic exposure to high glucose reduces NO generation in endothelial cells, probably by impairing phospholipase-C-mediated Ca 2+ signalling due to excess protein kinase C activation. This defect in NO release may contribute to the diminished endothelium-dependent relaxation and thus to the development of cardiovascular diseases in diabetes.
Introduction
Both microvascular and macrovascular complications occur frequently in poorly controlled diabetes and cause more than 80% of the overall mortality in diabetic individuals [1] . The molecular mechanisms by which hyperglycaemia leads to these complications are unclear. However, ample data have revealed that endothelium-dependent vascular relaxation is impaired in various types of blood vessels in experimental diabetic animals as well as in both type 1 and type 2 diabetic patients, thereby shown to be an early indicator of endothelium injury [2, 3, 4, 5, 6] . In addition, diabetes-induced changes in vascular reactivity appear to be a time-dependent phenomenon; an increased relaxation occurs in the early stage of diabetes, while a reduced vasodilation and an increased vasoconstriction occur as the disease progresses [6, 7, 8, 9] . It is known that protein kinase C (PKC) and oxidative stress may be implicated in the pathogenesis of diabetes-related vascular diseases, as application of PKC inhibitors and antioxidants can relieve and prevent their development [10, 11, 12, 13] .
The endothelium plays an important role as a paracrine organ in the regulation of vascular tone and other functions. In response to stimulation by receptor agonists (e.g. bradykinin, acetylcholine and ATP) and shear force, these cells synthesise and release a substance originally described as endothelium-derived relaxing factor, which is now believed to be the gas molecule nitric oxide (NO) produced by endothelial nitric oxide synthase (eNOS) [14] . In addition, eNOS activity may be regulated by multiple protein kinases, such as tyrosine kinase, PKC, protein kinase A and protein kinase B, and by ceramide [15] . NO released from endothelial cells activates guanylate cyclase in adjacent vascular smooth muscle cells, resulting in increased cGMP production, which triggers a cascade of reactions leading to relaxation of the blood vessel [16] . Vasodilation activity in response to exogenous NO remains largely normal in diabetes [2, 3, 6] . Thus, an alteration in NO production might make a key contribution to the deregulation of vascular tone and the pathogenesis of various diabetic vascular diseases [4] .
The regulatory mechanisms underlying NO formation in endothelial cells may involve an increase in cytosolic free Ca 2+ concentrations ([Ca 2+ ] i ), which is a critical activator of eNOS [17, 18] . [Ca 2+ ] i elevation can be a result of the inositol 1,4,5-triphosphate (IP 3 )-mediated release of intracellularly stored Ca 2+ as well as the stimulated Ca 2+ entry through ligand-stimulated, non-voltage-gated ion channels [18, 19, 20] . IP 3 is one of the two products derived from hydrolysis of the membrane lipid phosphatidylinositol-4,5-bisphosphate (PIP 2 ) via the activation of phospholipase C (PLC) following stimulation of G-protein-coupled receptors by agonists such as bradykinin [19, 21] . Thus, one possible mechanism for the defective receptor agonistinduced endothelium-dependent vascular relaxation in diabetes is the impairment in the IP 3 -Ca 2+ signalling pathway. The reduction in NO formation in endothelial cells from diabetic individuals could occur at one or several intervals in this pathway. Although a few studies in cultured cells at different concentrations of high glucose for a short term (1-2 days) found alterations in [Ca 2+ ] i responses and NO formation, the resulting data are conflicting and are not conclusive [7, 22, 23] . Furthermore, little is known about the long-term effect of high glucose on the PLC-mediated signalling pathway. Considering the chronic course of hyperglycaemia, the long-term action of high glucose on cultured endothelial cells would be more relevant for the understanding of the pathogenesis of the dysfunctional endothelium in diabetes. Bradykinin is a Ca 2+ -mobilising receptor agonist playing an important role in the regulation of endothelium function and widely used as a tool in studies of PLC-activated signalling pathways in endothelial cells, in particular in studies of endothelium-dependent relaxation [24] . In this study, we found that the prolonged exposure of cultured endothelial cells to high glucose specifically reduced NO formation stimulated by this agonist, probably by reducing receptor number and by impairing [Ca 2+ ] i elevation. These high-glucose-induced alterations appear to be implicated in the activation of PKC and the increase of oxidative stress.
Materials and methods

Materials.
Cell culture medium (MCDB 131 and DMEM), antibiotics, FCS and bovine serum were purchased from Invitrogen-Gibco Corporation (Carlsbad, Calif., USA). Cell culture flasks and dishes were obtained from Falcon (Millville, N.J., USA). Fura-2/acetoxymethylester was obtained from Molecular Probes (Eugene, Ore., USA). The 4,5-diaminofluorescein-2 (DAF-2) diacetate and PKC inhibitors (bisindolylmaleimide I and GÖ 6976) were supplied by CalBiochem (La Jolla, Calif., USA). Bradykinin, N G -nitro-l-arginine methylester (L-NAME), ionomycin, thapsigargin and D-α-tocopherol (vitamin E) were purchased from Sigma (St. Louis, Mo., USA). D-myo-[ 3 H]inositol 1,4,5-trisphosphate (IP 3 ) assay kit and [ 3 H]bradykinin were supplied by Amersham Biosciences (Little Chalfont, UK). Anti-eNOS monoclonal antibody and goat anti-mouse IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif., USA).
Culture and treatment of bovine aortic endothelial cells.
Bovine aortic endothelial cells (BAECs; up to passage 16; Clonetics, Walkersville, Md., USA) were first grown to near confluence in MCDB 131 containing 10% FCS and antibiotics in humidified air (5% CO 2 ) at 37°C. Media were replaced every 48 h. The cells were then cultured with control (5.6 mmol/l) or elevated (22.2 or 44.4 mmol/l) concentrations of glucose in the absence or presence of PKC inhibitors for 5 or 10 days, with concomitant lowering of the serum concentration in the medium to 2% to keep the cells in the quiescent state. Media were replaced every 24 h during these periods. The cells reached confluence at the time of the experiment. There was no noticeable difference in growth speed/patter and no clear indication of cell death among cells cultured at different concentrations of glucose.
In all experiments after cell culture, high concentrations of glucose were not applied in any utilised medium or solution, and PKC inhibitors were not present. This was to avoid possible acute effects of high glucose or PKC inhibitors on endothelial cell function.
Measurement of NO production. NO generation in living cells can be monitored using a membrane-permeable fluorescent indicator, 4,5-diaminofluorescein diacetate (DAF-2/DA) [25] . BAEC suspensions were obtained by gentle trypsinisation and the detached cells were recovered in spinners in DMEM containing 2% FCS for 2.5 h. Cells were then incubated with 2 nmol/l DAF-2/DA for 30 min at 37°C in the dark. DAF-2-loaded cells were resuspended in DMEM. Aliquots of cells (5×10 6 in 200 µl) were added to the 96-well black plate. After leaving the plate at 37°C for 15 min, stimulants were added and the plate was incubated for up to 6 h. The fluorescence generated by NO production was monitored by a fluorescent plate reader (Spectramax microplate spectrofluorometer; Molecular Devices, Sunnyvale, Calif., USA) at excitation using emission wavelengths of 485 and 515 nm respectively. The results were expressed as fluorescence intensity (arbitrary units).
Determination of eNOS by western blotting. BAECs cultured at different concentrations of glucose were homogenised. The extract samples (40 µg protein each) were subject to SDS-PAGE and transferred onto nitrocellulose membranes as described previously [26] . The membranes were hybridised with an anti-eNOS monoclonal antibody (1:1000 dilution) and then with goat anti-mouse IgG (1:2000 dilution). Blotting bands were visualised by autoluminography after a procedure of enhanced chemiluminescence development.
Measurement of [Ca2+]i.
As previously described [27] , [Ca 2+ ] i was measured using the fura-2 technique. Briefly, cultured BAECs were harvested after gentle trypsinisation, centrifuged, and resuspended in DMEM containing 2% FCS. After incubation in a spinner for 2.5 h at 37°C, cells were loaded with 1 µmol/l fura-2/AM for 30 min. Following two washes, BAECs were resuspended in a final concentration of 1.25×10 6 cells/ml in a mixture of HEPES (20 mmol/l)-buffered KRB and DMEM with 2% FCS (1:2, v/v). Aliquots of cell suspensions in cuvettes containing 2 ml HEPES-buffered KRB solution were put in a thermostatically controlled holder equipped with a stirrer. Fluorescence signals were recorded by ratio fluorometry using a spectrofluorometer (Perkin-Elmer Life and Analytical Sciences, Boston, Mass., USA; LS-50B) with an emission wavelength of 515 nm at alternate 340/380 nm excitation wavelengths, and calibrated into [Ca 2+ ] i values using the equation previously described [27] .
Measurement of IP3.
The activation of PLC was examined by measuring one of its products (IP 3 ). BAECs were cultured in 24-well plates at different concentrations of glucose. On the day of the experiments, cells were washed twice with KRB. After a 15-min equilibration period in 0.3 ml KRB per well at 37°C, cells were stimulated by adding 1 µmol/l (final) bradykinin for 5 or 60 s. Stimulation was stopped and cells were lysed by adding HClO 4 (10%; v/v) at the appropriate time points. Extraction and measurement of IP 3 levels in the samples were performed according to the manufacturer's protocol using a radioactive ligand binding assay system (Amersham Biosciences; catalogue no. TRK 1000).
Assessment of bradykinin binding to its receptor. Binding of bradykinin to its receptors in BAECs was assessed by radioligand saturation binding assay [21] . Cells grown in 6-well culture plates under specified culture conditions were washed twice with ice-cold PBS and rinsed once with binding buffer (modified Hanks' balanced salt solution (HBSS); replacement of 120 mmol/l NaCl with N-methyl-D-glucamine; reduction by half of the concentrations of CaCl 2 , MgCl 2 , and MgSO 4 ; supplemented with 0.1% BSA, 5.6 mmol/l glucose, 2 g/l bacitracin and 10 mmol/l HEPES; pH 7.4). After 15 min of equilibration on ice, cells were incubated in 1.5 ml HBSS containing 0.5 nmol/l [ 3 H]bradykinin (3.33-4.44 MBq/mmol) with different concentrations of unlabelled bradykinin (0.1-50 nmol/l) for 2 h at 4°C. Non-specific binding was assessed in the presence of 5 µmol/l cold bradykinin. The medium was then removed and cells were rapidly rinsed four times in ice-cold rinsing buffer (modified HBSS containing 0.2% BSA). Subsequently, cells were detached by trypsinisation and transferred to scintillation vials. After mixing thoroughly with scintillation cocktail, radioactivity in the samples was determined by a beta counter. Data analysis was undertaken as previously described [28] .
Measurement of inositol phospholipids. After BAECs seeded in 75-cm 2 flasks cultured with control or high glucose for 10 days, cells were incubated in 4 ml phosphate-free DMEM medium containing 0.37 MBq/ml 32 P i for 2 h. After they were washed, cells were harvested by trypsinisation and transferred to glass tubes. Cell pellets from centrifugation were subject to repeated extraction with CHCl 3 -CHOH-2.4 N HCl (1.5:1:1.5) to obtain total cellular lipids [29] . Phospholipid standards and extracted lipid samples were loaded on preactivated TLC plates, which were developed successively in two different solvent systems [30] . The 32 P-labelled lipids were visualised by autoradiography and the spots corresponding with PIP 2 , PIP and PI were scraped into vials. After thorough mixing with scintillation cocktail, the radioactivity was determined using a beta counter.
Statistical analysis.
Results are expressed as means ± SEM. Statistical evaluation of the data was performed using an unpaired two-tailed t test and ANOVA. Differences were considered significant when the p value was less than 0.05.
Results
Chronic exposure to high glucose impairs agonist-induced NO formation. Bradykinin (1 µmol/l) induced an increase in NO production almost linearly over a 6-h period of incubation in control BAECs (Fig. 1a) . Such stimulated NO generation could be blocked by 100 µmol/l L-NAME, an inhibitor of eNOS, indicating that the detected fluorescent signals reflected the cellular NO production, therefore validating the method. Exposure of BAECs to high glucose impaired bradykinin-induced NO production in a time-and concentration-dependent manner (Fig. 1 ). For instance, the NO formation over 120 min of stimulation was significantly reduced by 31% and 39% (n=7, p<0.01) after 5-day culture at 22.2 and 44.4 mmol/l glucose respectively (Fig. 1b) . Further reduction of bradykinin-stimulated NO production over the same period (−32% and −49% respectively) occurred following 10 days of culture with high glucose (Fig. 1c, d ). Similar inhibitory effects were also observed on NO production induced by purinergic stimulation with 10 µmol/l ATP, another PLC activator (data not shown). In contrast, high glucose culture did not alter ionomycin (a Ca 2+ ionophore)-induced NO production in BAECs (Fig. 1b, d ). The observation that high glucose culture selectively inhibited NO production induced by receptor agonists suggests the existence of impairment(s) at some stage of the signalling transduction pathway, from stimulation of transmembrane receptors to activation of eNOS.
Sustained high glucose culture has no effect on eNOS protein mass. The decrease in bradykinin-induced NO production in high-glucose-cultured BAECs could be due to a reduction in eNOS mass and/or to its activity. A possible change in eNOS mass through chronic high glucose culture was examined by western blotting. However, no significant alteration in eNOS mass occurred in BAECs cultured with high glucose for 5 or 10 days (data not shown), suggesting that the activity, rather than the mass, of eNOS in BAECs is affected by high glucose treatment. (Fig. 2a) . Upon stimulation by the same concentrations of the Ca 2+ ionophore, NO generation in BAECs was increased in a dose-dependent manner (Fig. 2b) . A close correlation between ionomycinstimulated NO production and ionomycin-induced peaks in [Ca 2+ ] i was observed (Fig. 2c) .
NO production in BAECs is
The role of increased [Ca 2+ ] i in bradykinin-stimulated NO production in BAECs was studied in the presence or absence of free Ca 2+ in the extracellular space. When Ca 2+ levels were lowered to approximately 100 nmol/l by adding EGTA (a Ca 2+ chelator) to the medium, bradykinin-stimulated NO production in such nominal Ca 2+ -free medium for 90 min was completely abolished (Fig. 2d) . Afterwards, bringing extracellular free Ca 2+ back to normal levels restored bradykinin-induced NO formation (Fig. 2d) 44.4 mmol/l, which corresponds with a reduction of 38% and 56% (p<0.01) respectively (Fig. 3a, c) . Exposure to high glucose for 10 days further reduced bradykinin-induced increases in [Ca 2+ ] i by 61% and 68% after culture in 22.2 and 44.4 mmol/l glucose respectively (p<0.01; Fig. 3b, c) . However, basal [Ca 2+ ] i were not affected by high glucose culture. These results suggest that reduced NO production following bradykinin stimulation in high-glucose-cultured BAECs could be due to a diminished [Ca 2+ ] i response.
In contrast, increases in [Ca 2+ ] i induced by ionomycin (2 µmol/l) were not affected by 10 days of high glucose culture (data not shown). This may explain why high glucose did not interfere with ionomycinstimulated NO production (Fig. 1b, d ). 2+ ] i in two ways: Ca 2+ mobilisation from intracellular stores, and Ca 2+ influx from extracellular space [19, 20] . These two events can be examined separately as shown in Fig. 4 . The former is assessed by lowering the extracellular free Ca 2+ level by EGTA, and the latter is determined by restoring extracellular free Ca 2+ to the normal level. After 5 days of culture with 22.2 or 44.4 mmol/l glucose, bradykinin-induced Ca 2+ mobilisation was reduced by 12% and 20% (p<0.01, n=10) respectively, while the Ca 2+ influx was reduced by 17% and 30% (p<0.01, n=10) respectively (Fig. 4a) . Further reduction in bradykinin-induced Ca 2+ mobilisation and Ca 2+ influx was observed after 10 days of culture under these conditions; the former was diminished by 20% and 31% (p<0.01, n=10) respectively, and the latter was reduced by 26% and 46% (p<0.01, n=10) respectively (Fig. 4b) . These data indicate that protracted high glucose treatment significantly inhibited both Ca 2+ mobilisation and Ca 2+ influx in BAECs, albeit with a more severe effect on the latter.
High glucose culture inhibits bradykinin-induced
Also examined was the increase in [Ca 2+ ] i induced by thapsigargin, which mobilises Ca 2+ from IP 3 -sensitive intracellular Ca 2+ stores through inhibition of Ca 2+ -ATPase in the stores [31] . The results revealed that 10 days of high glucose culture did not affect [19, 21] , the possible effect of high glucose on this second messenger was examined. The basal level of IP 3 in control BAECs was 0.90±0.06 pmol/mg proteins. Culture with 22.2 and 44.4 mmol/l glucose for 10 days markedly decreased the basal IP 3 levels to 0.44±0.03 and 0.46±0.05 pmol/mg proteins (p<0.01) respectively (Fig. 5) . Moreover, bradykinin-stimulated IP 3 production (increase vs basal) was also significantly reduced by 29% and 48% respectively during 5 s of stimulation, and by 46% and 64% respectively during 60 s of incubation (Fig. 5) .
No effect of high glucose culture on inositol phospholipids in BAECs.
The decreased IP 3 production following bradykinin stimulation in high-glucose-cultured cells could result from a reduction in the substrate for PLC. Thus, the contents of inositol phospholipids in these cells were measured by thin-layer chromatography. Culture of BAECs for 10 days at 22.2 or 44.4 mmol/l glucose did not cause significant changes in the contents of all three inositol phospholipids: PI, PIP and PIP 2 (Fig. 6) .
Prolonged high glucose culture decreases the number of bradykinin receptors in BAECs.
The possible effects of high glucose culture on PLC-coupled recep- probe (fura-2) in the cells. Bradykinin (1 µmol/l)-induced Ca 2+ mobilisation from intracellular stores was determined by chelating Ca 2+ in extracellular buffer to nominal free Ca 2+ levels by adding 3 mmol/l EGTA, whereas bradykinin-promoted Ca 2+ influx was detected by restoration of extracellular free Ca 2+ to the normal level by adding 3 mmol/l Ca 2+ to the solution. Each trace is the superposition of ten experiments (t test) tors were also investigated. Performance of radioligand binding assay detected only one type of bradykinin receptor in BAECs with a K d of 1.1±0.09 nmol/l and a total number of receptors of 345±18 fmol/mg protein, as all plots fitted a single receptor model (Fig. 7) . High glucose culture for 10 days significantly reduced the total number of bradykinin receptors by 22% and 29% at 22.2 and 44.4 mmol/l glucose respectively (declined to 270±16 and 245±23 fmol/mg protein respectively; p<0.01 vs control; Fig. 7b ). However, the affinity of bradykinin receptors (K d ) was not affected (1.3±0.1 nmol/l and 1.1±0.1 nmol/l at 22.2 and 44.4 mmol/l glucose respectively; p>0.05 vs control) under these conditions (Fig. 7b) . 2+ ] i , and (iii) reducChronic exposure to high glucose impairs bradykinin-stimulated nitric oxide production by interfering 2099 tion in the number of bradykinin receptors due to high glucose culture. It is known that high glucose may increase diacylglycerol production and thus activate PKC [12, 32, 33] . To study the possibility that the above observed alterations of agonist-induced responses by long-term high glucose culture involved excessive PKC activation, we co-cultured BAECs with cell-permeable PKC inhibitors (Table 1) . After 5 days of culture, the effect of 22.2 and 44.4 mmol/l glucose on bradykinin-induced NO production over 90 min was reversed by 69% and 60% (p<0.05) respectively by bisindolylmaleimide-I (a general PKC inhibitor; 10 µmol/l). Similar reversing effects (by 62% and 59%; p<0.05) were observed when GÖ 6976 (a selective inhibitor of Ca 2+ -dependent PKC-β isoforms; 20 nmol/l) was used. In addition, D-α-tocopherol (an antioxidant that could also serve as a general PKC inhibitor through prevention of diacylglycerol formation, presumably by activating diacylglycerol kinase [12] ; 100 µmol/l) also attenuated the inhibitory effect of 22.2 and 44.4 mmol/l glucose on bradykinininduced NO generation by 84% and 80% respectively (p<0.05). However, a longer period of culture (10 days) with these agents only slightly further prevented the impairment of NO production due to 22.2 or 44.4 mmol/l glucose ( Table 1) . The observed reduction in agonist-induced increases in [Ca 2+ ] i following high glucose culture were also largely reversed by PKC inhibitors (Table 2 ). After 5 days of co-culture, bisindolylmaleimide-I reversed the high glucose effect by 65% and 72% (p<0.01) at 22.2 and 44.4 mmol/l glucose respectively, while GÖ 6976 reversed the high glucose effect by 59% and 70% (p<0.01) respectively. Likewise, D-α-tocopherol was Furthermore, co-culture with bisindolylmaleimide-I or D-α-tocopherol was also able to reverse the reduced number of bradykinin receptors in BAECs resulting from 10 days of high glucose culture (Table 3) . Bisindolylmaleimide-I reversed the receptor density by 58% and 61% (p<0.01) at 22.2 and 44.4 mmol/l glucose respectively. D-α-tocopherol reversed the density of the bradykinin receptor by 68% and 73% respectively (p<0.01).
Reversal of impairments by PKC inhibitors. PKC inhibitors reverse impairments in agonist-induced (i) NO formation, (ii) increases in [Ca
Discussion
It has been speculated that chronic exposure to high glucose could cause the impairment of NO release and/or the increased destruction of released NO following stimulation by PLC-activating agonists [4, 34, 35] . In the current study, we provide strong evidence that the IP 3 -Ca 2+ -NO cascade pathway is impaired in endothelial cells exposed to prolonged high glucose in a time-and dose-dependent manner. Although this paper only provides detailed data using a single type of endothelial cell (BAECs) and one receptor agonist (bradykinin), we also found that high glucose culture had identical effects on NO production and [Ca 2+ ] i profile when ATP was used as a PLC-activating agonist and when HUVECs were studied [36] .
Our data revealed that the impairments by high glucose of both NO formation and [Ca 2+ ] i are specific to the PLC-activating receptor agonists such as bradykinin and ATP, and that they do not impede the actions of Ca 2+ ionophore. These results are consistent with the observations of studies of diabetic animals and patients in which the impaired endothelium-dependent vasodilation occurred only after the stimulation with receptor agonists such as acetylcholine and bradykinin, but not following the application of NO donors or Ca 2+ ionophores [2, 3, 6, 9] . Thus, a deficiency in NO, rather than a change in the sensitivity of vascular smooth muscle cells to NO, contributes to the impaired endothelium-dependent vasodilation in diabetes.
The fact that exposure to high glucose of up to 10 days did not alter eNOS mass in either cultured BAECs or HUVECs (data not shown) points to an impairment of the activation of eNOS in endothelial cells following protracted high glucose culture. Physiologically, eNOS in endothelial cells is activated by two major modes [4] . One is the longitudinal shear force on the endothelium. The detail in the mechano-transduction for this activation mode is unclear, though this action may be mediated via integrins and G proteins and may involve tyrosine phosphorylation and protein kinase B (Akt) [17, 37, 38] . The other mode for the activation of eNOS is the stimulation of cell surface receptors that activate G-protein-coupled PLC resulting in an increase in [Ca 2+ ] i [18, 19, 20, 21, 31] . Although the experiments carried out in cell-free systems indicated a role of Ca 2+ in eNOS activation, the importance of Ca 2+ in such an event by PLC-stimulating agonists in the intact cells is uncertain. Using ionomycin to set [Ca 2+ ] i at different levels, we were able to demonstrate that the amount of NO production was well correlated with the extent of [Ca 2+ ] i elevation in living endothelial cells. A close association of the extent of an increase in endothelial [Ca 2+ ] i with agonist-induced relaxation was also found in the rabbit aortic valve [39] . Importantly, bradykinin-stimulated NO generation depends on Ca 2+ (Fig. 2d) . These findings strongly indicate that a change in [Ca 2+ ] i elevation by PLC-coupled receptor agonists may lead to an alteration in NO formation.
A few studies on cultured endothelial cells at high glucose for a short period (up to 2 days) have revealed alterations in [Ca 2+ ] i homeostasis [7, 22, 23] . However, the results of these studies are not consistent. In porcine aortic endothelial cells, 1 day of culture with high glucose (44 mmol/l) caused enhanced increases in [Ca 2+ ] i in response to bradykinin [7, 22] , whereas an opposing effect was observed in another study when BAECs were exposed to 25 mmol/l glucose for 24 h [23] . In our study, 2 days of culture in high glucose did not affect bradykinin-induced increases in [Ca 2+ ] i in endothelial cells. However, the development of a dysfunctional vascular endothelium in diabetic subjects involves chronic exposure to high glucose en- [20, 40] . It has been reported that both Ca 2+ mobilisation and Ca 2+ influx are important for eNOS activation by agonists. Ca 2+ release from intracellular stores was required for the activation of eNOS by flow and agonists in aorta [31] . Other studies have found that sustained eNOS activation in endothelial cells by agonists required capacitative Ca 2+ entry [41, 42] . Our data also show that sustained eNOS activation by bradykinin is dependent on Ca 2+ entry (Fig. 2d) , suggesting that the attenuation of capacitative Ca 2+ entry may be the quantitatively most critical event contributing to the inhibition of NO production in endothelial cells after chronic high glucose culture. However, it appears that such attenuated Ca 2+ influx is not due to an impairment of capacitative Ca 2+ entry per se, but rather to a decline in the driving force for this Ca 2+ store-operated process. Our results revealed that high glucose culture attenuated both basal and bradykinin-stimulated IP 3 production in endothelial cells, which does not seem to be due to a reduction of inositol phospholipids (the PLC substrates). Although the reduced IP 3 production could be the result of a defect at any level in the coupling of receptor, G protein and PLC, our data demonstrated for the first time that there was a decrease in the number of receptors in endothelial cells following long-term exposure to high glucose. Importantly, such a reduction in the number of receptors could affect agonist-induced responses/function in cells, leading to the observed impairments of [Ca 2+ ] i responses and NO production upon bradykinin stimulation. Indeed, a 33% reduction in the number of receptors due to PKC activation induced a proportional decrease of bradykinin-mediated IP 3 formation in fibroblasts [21] , and a 40% down-regulation of arginine vasopressin receptors in high-glucose-cultured vascular smooth muscle cells resulted in a similar extent of inhibition of arginine-vasopressin-induced [Ca 2+ ] i elevations [43] . Whether high glucose is also able to reduce the number of other receptors (e.g. purinergic receptors) in endothelial cells remains to be clarified.
What are the mechanisms by which high glucose induces the reduction in the number of receptors, as well as the inhibition of PLC, the impairment of [Ca 2+ ] i profile, and the attenuation of eNOS activation in BAECs? Earlier studies showed that acute PKC activation has a negative feedback effect on the pathway linking receptors to PLC stimulation [43, 44, 45] . Furthermore, PKC (especially β and δ isoforms) is excessively activated in high glucose environments due to enhanced de novo synthesis of diacylglycerol [12, 32, 33] . Our results using PKC inhibitors suggest that excessive PKC activation is a candidate mechanism for the alterations in NO production, [Ca 2+ ] i elevation and PLC activation in response to agonists in endothelial cells chronically exposed to high glucose. This notion is also applicable to the reduction in the number of bradykinin receptors under the same conditions. Similarly, the PKC inhibitor reversed high-glucose-induced down-regulation of the numbers of angiotensin II and arginine vasopressin receptors in vascular smooth muscle cells [43] . How PKC activation causes receptor down-regulation is unclear, but one possibility is through the suppression of mRNA expression [46] . It should be noted that the PKC inhibitors (bisindolylmaleimide and GÖ 6976) cannot completely reverse the impairments due to high glucose, while D-α-tocopherol (also a well-known antioxidant) appears to be more efficient than the typical PKC inhibitors. This suggests that oxidation may be also implicated in the pathogenesis of high-glucose-induced impairments of NO formation and the related signalling pathway. Indeed, an increase in the generation of reactive oxygen species and oxidation stress occurs in vessels following exposure to high glucose, or in diabetes [47, 48] . Our findings shed light on the clinical observations using antioxidants and PKC inhibitors that are able to improve or prevent diabetes-induced vascular damage including impaired endothelium-dependent vasodilation [10, 11, 12, 13] .
In summary, our studies provide novel information on the pathogenesis of a dysfunctional endothelium in diabetes, indicating that chronic exposure of endothelial cells to high glucose reduces bradykinin-stimulated NO production by impairing IP 3 -Ca 2+ signal transduction, at least partly, at the receptor level that involves PKC and maybe also oxidation. This could be a molecular mechanism underlying the reduction of endothelium-dependent vasodilation observed in hyperglycaemic states, and thus these findings may improve our understanding of the development of vascular complications in diabetes mellitus. Our data have also clearly indicated the significance of the function of the endothelium in vivo in response to an external stimulus.
